The proton-driven flagellar motor of Salmonella enterica can accommodate a dozen MotA/B stators in a load-dependent manner. The C-terminal periplasmic domain of MotB acts as a structural switch to regulate the number of active stators in the motor in response to load change. The cytoplasmic loop termed MotA C is responsible for the interaction with a rotor protein, FliG. Here, to test if MotA C is responsible for stator assembly around the rotor in a loaddependent manner, we analyzed the effect of MotA C mutations, M76V, L78W, Y83C, Y83H, I126F, R131L, A145E and E155K, on motor performance over a wide range of external load. All these MotA C mutations reduced the maximum speed of the motor near zero load, suggesting that they reduce the rate of conformational dynamics of MotA C coupled with proton translocation through the MotA/B proton channel. Dissociation of the stators from the rotor by decrease in the load was facilitated by the M76V, Y83H and A145E mutations compared to the wild-type motor. The E155K mutation reduced the number of active stators in the motor from 10 to 6 under extremely high load. We propose that MotA C is responsible for load-dependent assembly and disassembly dynamics of the MotA/B stator units.
Introduction
Bacteria can swim by rotating flagella, each of which consists of at least three parts: the basal body, the hook and the filament. The basal body is imbedded in the cell membranes and acts as a bi-directional rotary motor powered by ion motive force across the cytoplasmic membrane. The hook and filament extend outwards from the cell body and function as a universal joint and a helical propeller respectively (Berg, 2003; Macnab, 2003; Minamino and Namba, 2004; Minamino and Imada, 2015) . Five flagellar proteins, namely MotA, MotB, FliG, FliM and FliN, are responsible for flagellar motor rotation in Escherichia coli and Salmonella enterica serovar Typhimurium (hereafter referred to as Salmonella) Morimoto and Minamino, 2014) .
MotA and MotB are transmembrane proteins and together form a proton channel to couple proton flow with torque generation (Fig. 1) (Blair and Berg, 1990; Stolz and Berg, 1991; Kojima and Blair, 2004) . The Cterminal periplasmic domain of MotB (MotB C ) binds to the peptidoglycan layer, allowing the MotA/B proton channel complex to act as an active H 1 -type stator unit in the flagellar motor (Kojima et al., , 2009 . A dozen MotA/B stator units can be incorporated into the flagellar motor (Reid et al., 2006) . FliG, FliM and FliN form the C ring on the cytoplasmic face of the MS ring made of a transmembrane protein, FliF ( Fig. 1 ) (Francis et al., 1994) . The C ring not only acts as the rotor but also as the directional switch of motor rotation, and hence, the flagellar motor can spin in both counterclockwise (CCW) and clockwise (CW) directions (Yamaguchi et al., 1986) . Highly cooperative remodeling of the FliG ring structure is responsible for switching from the CCW to CW states of the motor (Bai et al., 2010; Lee et al., 2010; Minamino et al., 2011; Pandini et al., 2016) . Electrostatic interactions between MotA and FliG are important for torque generation as well as stator assembly around the rotor (Zhou and Blair, 1997; Zhou et al., 1998a; Morimoto et al., 2010a; 2010b; Takekawa et al., 2014) .
The MotA/B stator units show rapid exchanges between the basal body and the membrane pool while the motor is rotating , indicating that a dozen stator units are not permanently fixed in place around the rotor. It has been shown that the MotA/B stator unit acts as a load-sensitive proton channel complex to coordinate not only its proton channel activity but also the number of active stators in the motor in response to changes in external load ( Fig. 1) (Castillo et al., 2013; Lele et al., 2013; Tipping et al., 2013; Che et al., 2014) . MotB C is postulated to act as a structural switch to drive the assembly-disassembly cycle of the stator in response to the load change (Castillo et al., 2013) . Recently, it has been shown that the Na 1 -type MotP/S stator complex acts as a load and polysaccharide sensor as well as a Na 1 sensor and that the C-terminal periplasmic domain of MotS (MotS C ) regulates the binding affinity of the MotP/S complex for the motor in a load-and polysaccharide-dependent manner. This suggests that MotS C coordinates the number of active Na 1 -type MotP/S stator units in the motor in a way similar to MotB C (Terahara et al., 2017) .
The elementary process of torque generation by the flagellar motor consists of two distinct processes, an actual torque generation step and a dwell (Sowa et al., 2005; Nakamura et al., 2010) . This elementary process is coupled with proton translocation through the MotA/B proton channel. At least two highly conserved residues, Pro173 of MotA and Asp33 of MotB, are responsible for the energy coupling mechanism (Fig. 1) (Zhou et al., 1998b; Kojima and Blair, 2001; Che et al., 2008; Nakamura et al., 2009b) . The Asp33 residue is located near the cytoplasmic end of the single transmembrane helix (TM) of MotB and is critical for proton translocation through the channel (Togashi et al., 1997; Zhou et al., 1998b; Che et al., 2008) . MotA-Pro173, which is located near the cytoplasmic end of TM-3 of MotA, is in close proximity to MotB-Asp33 and facilitates conformational dynamics of the MotA/B proton channel for rapid proton translocation and torque generation cycle (Nakamura et al., 2009b) . Two highly conserved charged residues, Arg90 and Glu98, in the cytoplasmic loop (MotA C ) between TM-2 and TM-3 of MotA interact with charged residues of FliG for flagellar motor rotation ( Fig. 2A ) Fig. 1 . Load-dependent assembly mechanism of the MotA/B complex. MotA and MotB form a proton channel complex with four copies of MotA and two copies of MotB. Ca ribbon representation of the crystal structure of a C-terminal periplasmic domain of MotB (PDB ID: 2ZVY) with transmembrane helices of MotA and MotB and a flexible linker of MotB (residues 51-100) connecting these two domains. A highly conserved Asp33 residue of MotB (indicated as D) is directly involved in proton translocation through the MotA/B proton channel. A highly conserved Pro173 residue of MotA (indicated as P) is involved in the energy coupling mechanism. Highly conserved Arg90 (indicated as 1) and Glu98 (indicated as -) residues interact with charged residues of FliG. Changes in external load induce the assembly-disassembly cycle of the MotA/B complex through conformational changes of the C-terminal periplasmic domain of MotB. (Zhou et al., 1998a) . Both protonation and deprotonation of Asp33 of MotB induce conformational changes of MotA C , and this may be responsible for flagellar motor rotation (Kojima and Blair, 2001; Nishihara and Kitao, 2015) .
Arg90 and Glu98 in MotA C are responsible for efficient stator assembly around a rotor (Morimoto et al., 2010b; . However, it remains unknown whether other residues in MotA C contribute to the stator assembly mechanism. To clarify this question, we analyzed the effect of mutations in MotA C that have been originally isolated as extragenic suppressors of a Salmonella rodfragile fliF mutant (Komatsu et al., 2016) , on the torquespeed relationship of the flagellar motor over a wide range of external load. We show that all the mutations we examined cause a decrease in motor function near zero load, suggesting that these mutations reduce the rate of mechano-chemical reaction cycle of the motor. We also show that some mutations affect the number of active stator units in the motor in the high-load, lowspeed regime of the torque-speed curve.
Results
Effect of MotA C mutations on motility in liquid media A rod-fragile fliF mutant is able to swim in liquid media at the wild-type level, but poorly on semisolid agar media, because this fliF mutant easily releases the rodhook-filaments from the cell body under highly viscous A. Cartoon representing the domain organization of MotA. MotA has four transmembrane segments (TM1-TM4) and a large cytoplasmic loop between TM-2 and TM-3, which we have named MotA C in this study. Highly conserved charged residues, Arg90 and Glu98, which are responsible for the interaction with a rotor protein, FliG are highlighted in red. Extragenic suppressor mutations at residues Met76, Leu78, Tyr83, Ile126, Arg131, Ara145 and Glu155 partially recovered motility of a rod-fragile fliF mutant of Salmonella under a high viscous condition. B. Multiple sequence alignment of MotA homologues: S. typhimurium_MotA (UniProt ID: P55891), E. coli_MotA (P09348), P. aeruginosa_MotA (Q9HUL1), A. aeolicus_MotA (O67122), B. subtilis_MotA (P28611), B. subtilis_MotP (P39063), T. maritima_MotA (R4NQW7), H. pylori_MotA (P65410), V. alginolyticus_PomA (O06873), R. sphaeroides_MotA (Q3J1D0). Highly and relatively well conserved residues are shown by black and grey boxes respectively. The numbers in S. typhimurium_MotA indicate the position of residues, of which mutations cause slow motile phenotype.
conditions (Okino et al., 1989) . Recently, it has been reported that this fliF mutant gives rise to a large number of extragenic suppressor mutations: one mutation in the flgC gene, one mutation in flgF, 69 mutations in motA, 72 mutations in motB, 44 mutations in fliG and 24 mutations in fliM (Komatsu et al., 2016) . As FlgC and FlgF form part of the proximal rod structure that interacts with the MS ring, this suggests that the fliF mutation must have affected the interaction between the proximal rod and the MS ring so that the rod cannot withstand high torque produced by the motor under high load and that the secondsite MotA and MotB mutations have presumably reduced the torque to suppress the detachment of the flagellar axial structure from the MS ring spanning the cell membrane (Komatsu et al., 2016) . As two highly conserved Arg90 and Glu98 residues in MotA C are responsible for the interactions with charged residues of FliG ( Fig. 1A ) (Zhou and Blair, 1997; Zhou et al., 1998a; Morimoto et al., 2010b; , this raises the possibility that mutations in MotA C would affect the load-dependent assembly mechanism of the MotA/B complex. To clarify this, we isolated second-site M76V, L78W, Y83C, Y83H, I126F, R131L, A145E and E155K mutations in MotA C from pseudorevertants of the rod-fragile fliF mutant by P22-mediated transduction and constructed the motA(M76V), motA(L78W), motA(Y83C), motA(Y83H), motA(I126F), motA(R131L), motA(A145E) and motA(E155K) mutant strains. Multiple sequence alignment of MotA homologues showed that Leu78 and Glu155 residues in MotA C were relatively well conserved whereas the other residues were not (Fig. 2B ).
To investigate how these MotA C mutations affect torque generation by the flagellar motor, we first measured free-swimming speeds of eight motA C mutants in liquid media (Fig. 3A) . To measure the swimming speed more precisely, we introduced a cheY::Tn10 allele into these motA C mutants to suppress tumbling. About 95% of wild-type cells were motile, and the average swimming speed was measured to be 28.4 6 3.4 (mean 6 SD) mm sec 21 . More than 90% of cells of all the motA C mutants were motile, but their swimming speeds were slower than the wild-type speed (19.5 6 3. Fig. S1 ), indicating that these MotA C mutations do not reduce the steady cellular level of MotA. Therefore, we conclude that these mutations affect the torque generation mechanism of the flagellar motor, thereby conferring slow motile phenotypes.
Multicopy effect of MotA C mutant proteins on free-swimming speed
The Salmonella motA(R90E) mutant is non-motile. However, when the MotA(R90E)/B complex is overexpressed from a pBAD24-based plasmid, most of the mutant cells 
A. Speeds of free-swimming cells of MM1103CY (WT), MMTA19CY (M76V), MMTA61CY (L78W), MMTA116CY (Y83C), MMTA331CY (Y83H), MMTA130CY (I126F), MMTA503CY (R131L), MMTA450CY
(A145E), MMTA29CY (E155K) were measured at room temperature when MotA and its mutant variants were expressed from the P mot promoter on the chromosomal DNA (black bar). The swimming speed is the average speed of 30 cells, and vertical lines are the standard deviations. Multicopy effect of MotA mutant proteins on free-swimming speeds (orange bar). Free-swimming speeds of SJW2241 cells carrying pHS63 (WT), pHS64 (M76V), pHS66 (L78W), pHS67 (Y83C), pHS69 (Y83H), pHS68 (I126F), pHS71 (R131L), pHS70 (A145E) or pHS65 (E155K) were measured after the cells were incubated at 308C for 5 h in L-broth with 0.2% arabinose. The swimming speed is the average of 30 cells. Statistical analyses were carried out using two-tailed student's t-test (n.s., no significant difference; *, P < 0.05; **, P < 0.01). B. Immunoblotting, using polyclonal anti-MotA antibody, of membrane proteins extracted from the SJW2241 cells carrying pHS63 (WT), pHS64 (M76V), pHS66 (L78W), pHS67 (Y83C), pHS69 (Y83H), pHS68 (I126F), pHS71 (R131L), pHS70 (A145E) or pHS65 (E155K). The relative levels of mutant variants of MotA were normalized for the wild-type level. At least three independent experiments were carried out.
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can swim in liquid media at about 60% of the wild-type swimming speed. This suggests that the impaired motility of the motA(R90E) mutant seems to be due to poor stator assembly into the motor (Morimoto et al., 2010b These results suggest that these MotA C mutations reduce the number of active stator units around the rotor in the swimming cells.
Effect of MotA C mutations on torque generation by the flagellar motor
Precise analyses of the torque versus speed relationship of the flagellar motor provide physiological insights into the torque generation mechanism of the flagellar motor. The torque-speed curve of the flagellar motor consists of two regimes: a high-load, low-speed regime; and a low-load, high-speed regime. As the load is decreased, torque decreases gradually up to a certain speed called the knee point and then falls rapidly to zero. The torque at high load is dependent on the number of stator units while the motor speed near zero load is independent of the stator number and is limited by the rate of the mechano-chemical reaction cycle of the motor (Berg, 2003; Morimoto and Minamino, 2014) . Therefore, we investigated how the M76V, L78W, Y83C, Y83H, I126F, R131L, A145E and E155K mutations affect the torque generation mechanism of the flagellar motor. To allow wild-type and these mutant MotA/B complexes to be fully assembled into the motor at high load, Salmonella YSC2123 cells harboring a pBAD24-based plasmid were grown in L-broth containing 0.2% arabinose and then we measured the rotation rates of beads attached to partially sheared, sticky filaments of fully induced MotA C mutant motors over a wide range of external load. Figure 4A shows torque-speed curves of the fully assembled wild-type and MotA C mutant motors, for which data are listed in Table 1 . The Salmonella wildtype motor showed a typical torque-speed curve with a gradual decrease in the high-load, low-speed regime and a rapid drop in the low-load, high-speed regime, in agreement with previous results (Nakamura et al., 2009a; 2009b) . Torque decreased gradually from about 2,190 pN nm at around 10 Hz (Fig. 3A , red diamond; 1.0 lm bead in 10% Ficoll) to about 1,930 pN nm at around 70 Hz (red square; 1.0 lm bead in water) and to about 1,700 pN nm at around 125 Hz (red triangle; 0.8 lm bead in water) and then dropped rapidly to about 1,000 pN nm at around 180 Hz (red circle; 0.6 lm bead in water). The R131L motor showed a typical torque-speed curve in a way similar to the wild-type motor although torque produced by this mutant motor was much lower than the wild-type levels over a wide range of rotation speed (Fig. 4A, right panel) . Torque produced by the R131L motor under high load was about 1,500 pN nm at around 6 Hz (green diamond; 1.0 lm bead in 10% Ficoll). As the speed of the motor is proportional to the number of active stator units in the motor in the highload, low-speed regime (Ryu et al., 2000) , we suggest that the number of active stator units in the R131L motor is lower than that in the wild-type motor. Because one stator unit can spin the motor at the maximum speed near zero load (Yuan and Berg, 2008) , there is the possibility that the R131L mutation also reduces the rate of the mechano-chemical reaction cycle of the motor.
In the remaining MotA C mutant motors, stall torque was almost the same as that of the wild-type motor, suggesting that the number of active stator units in these fully assembled mutant motors is almost the same as that in the wild-type motor. However, these MotA C mutant motors showed distinct torque-speed curves (Fig. 4A) .
In the case of the fully assembled L78W, Y83C, I126F and E155K motors, torque decreased gradually up to a point around the speed of 0.8 lm bead in a way similar to the wild-type motor (Fig. 4A, left panel, triangle) and then dropped more steeply than the wild-type to about 800 pN nm at around 140 Hz (Fig. 4A, left panel, circle) . As the L78W, Y83C, I126F and E155K mutations reduced the maximum rotational speed of the motor near zero load, we suggest that these four mutations reduce the rate of mechano-chemical reaction cycle of the motor.
In the case of the Y83H and A145E motors, torque decreased gradually up to a point around the speed of 1.0 lm bead (Fig. 4A , middle panel, square) and then dropped much more rapidly to about 1,300 pN nm at around 95 Hz and finally to about 750 pN nm at around 125 Hz (Fig. 4A, middle panel, circle) . Interestingly, torque produced by the M76V motor declined steeply and almost linearly when the rotation speeds were increased by lowering the external load (Fig. 4A, right panel) . The torque under extremely high load was about 2,300 pN nm at a speed of around 11 Hz (Fig. 4A , right panel, orange diamond; 1.0 lm bead in 10% Ficoll), and then decreased steeply to about 1,425 pN nm at around 57 Hz (orange square; 1.0 lm bead in water) and further down to about 740 pN nm at around 128 Hz (orange circle; 0.6 lm bead in water). As the flagellar motor regulates the number of active stator units in the motor in response to load change, we suggest that the M76V, Y83H and A145E mutations affect the mechanosensitivity of the MotA/B complex, causing a rapid decrease in the number of active stator units under a motor load that is much higher than the one at which the wild-type stator unit begins to dissociate from the motor. As the M76V, Y83H and A145E mutations also reduced the maximum rotation speed of the motor near zero load, this suggests that they also reduce the rate of mechano-chemical reaction cycle of the motor.
Estimation of the number of stators in the MotA(M76V) and MotA(R131L) motors
To determine the number of active stator units in the MotA(M76V) and MotA(R131L) motors more quantitatively, we carried out resurrection experiments under high load to measure the stepwise increment in rotation rate on induction of the MotA/B, MotA(M76V)/B or MotA(R131L)/B complex from an arabinose-inducible promoter on a pBAD24-based plasmid. The speed increment in a single wild-type motor with a 1.0 lm bead attached to the partially sheared sticky filament is shown in Fig. 5A . The unit increment was about 7 Hz as judged by multiple Gaussian fitting of speed histograms (right panel). It has been shown that each increment unit reflects the incorporation of a single stator unit around the rotor in the high-load, low speed regime (Ryu et al., 2000; Reid et al., 2006) . Because the average speed of the wild-type motor with a 1.0 lm bead attached was about 70 Hz ( Fig. 4A and Table 1 ), the number of active A. Rotation measurements were carried out at room temperature by tracking the position of 1.0 lm in 10% Ficoll 400 (diamond), 1.0 lm (square), 0.8 lm (triangle) and 0.6 lm (circle) beads attached to the partially sheared sticky filament. More than twenty individual beads of each size were measured. B. Rotational measurements under much higher viscous conditions. Torque of the MotA mutant motors measured using a 1.0 lm bead in media containing 0 (square), 10 (diamond), 15 (circle) or 20%(w/v) (triangle) Ficoll 400.
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stator units in the fully assembled wild-type motor was estimated to be about 10. Similar stepwise increments were observed in the MotA(M76V) and MotA(R131L) motors ( Fig. 5B and C) . The increment unit (about 7 Hz) was essentially the same as that of the wild-type motor, indicating that both single MotA(M76V)/B and MotA(R131L)/B stator units produce torque at the wildtype level. This suggests that the energy coupling efficiency of the M76V and R131L motors is essentially the same as that of the wild-type motor under high load. As the average speeds of the M76V and R131L motors with 1.0 lm beads attached were about 57 Hz and 55 Hz, respectively, in the absence of 10% Ficoll, the number of active stator units in these two mutant motors were estimated to be about eight.
Effect of high viscosity on motor performance of the MotA C mutant motors
We found that an increase in viscosity by addition of Ficoll at a final concentration of 10% caused an increment in the number of active stators from eight to 10 in the MotA(M76V) motor but not in the MotA(R131L) motor ( Figs 4A and 5 ). Therefore, we tested if further increments in the Ficoll concentrations affect the number of active stator units in the MotA(R131L) motor (Fig.   4B ). Torque generated by the MotA(R131L) motor with a 1.0 lm bead attached to the partially sheared sticky filament was not changed at all when the Ficoll concentration was increased from 10 to 20% (Fig. 4B, right  panel) , indicating that the number of active stator units in the MotA(R131L) motor was not changed by the increase in the Ficoll concentration. However, torque generated by the MotA(E155K) motor with a 1.0 lm bead attached was decreased from 2,229 6 196 pN nm at 10% Ficoll to 1,245 6 124 pN nm at 20% Ficoll (Fig. 4B, left panel) , indicating that an extremely high viscosity induces the dissociation of about four active stator units from the E155K motor. As MotA C is responsible for efficient stator assembly into the motor (Morimoto et al., 2010b; , we suggest that MotA C contributes to the load-dependent assembly and disassembly dynamics of the MotA/B stator complex.
Discussion
A dozen stator units can be installed at most into the motor (Reid et al., 2006) . The flagellar motor regulates the number of active stator units in the motor in response to changes in external load, suggesting that the stator itself controls the power-load balance of the motor function in response to load change (Lele et al., Speed (Hz) 3.8 6 1.1 6.7 6 1.9 10 6 3 7 0 6 7 9 5 6 10 125 6 18 Torque (pN nm)
2182 6 2013; Tipping et al., 2013; Chawla et al., 2017) . MotB C not only regulates the proton channel activity of the MotA/B stator (Hosking et al., 2006; Morimoto et al., 2010a) but also coordinates the assembly and disassembly dynamics of the stator in a load-dependent manner (Castillo et al., 2013) . The MotA/B stator acts as a load-sensitive proton channel that efficiently couples proton translocation with torque generation in response to load change, and MotB-Asp33 is important for this coordinated proton translocation (Che et al., 2014) . As the binding of MotB C to the peptidoglycan layer allows the MotA/B proton channel complex to become an active H 1 -type stator unit, it has been proposed that interactions of MotA C with FliG directly transmit force to the proton channel of the MotA/B stator to regulate its proton channel activity (Che et al., 2014) . Two highly conserved Arg90 and Glu98 residues in MotA C are critical for efficient assembly into the motor (Morimoto et al., 2010b; , raising the possibility that MotA C also regulates the assembly and disassembly dynamics of the stators in a load-dependent manner. To clarify this, we analyzed the effect of the M76V, L78W, Y83C, Y83H, I126F, R131L, A145E and E155K mutations in MotA C on the torque-speed relationship over a wide range of external load. We showed that these mutations reduce the swimming speed (Fig. 3A) . We also showed that the over-expression of these mutated motor components improve their swimming motility significantly (Fig.  3A) . These results suggest that these MotA C mutations affect the efficiency of stator assembly into the motor.
A typical torque-speed curve of the flagellar motor has two distinct regimes: a high-load, low-speed regime and a low-load, high-speed regime. When the flagellar motor operates under high load, the speed of the motor Characterization of Salmonella slow motile MotA mutants 653 is dependent on the number of active stator units around the rotor (Ryu et al., 2000) . In contrast, the maximum speed near zero load is independent on the stator number (Yuan and Berg, 2008) . In the high-load, lowspeed regime, both temperature and solvent-isotope effects are small, while those effects are large in the low-load, high-speed regime, suggesting that the steep decline of torque at high speed is due to a limit in the rate of the mechano-chemical reaction cycle of the motor (Chen and Berg, 2000a; 2000b) . We showed that the maximum speeds of all MotA C mutant motors near zero load are much lower than that of the wild-type motor (Fig. 4A) . As each single stator unit of these mutant motors produced almost the same torque under high load as a single wild-type stator unit (Figs 4A and 5) , we propose that these MotA C mutations may reduce the rate of conformational dynamics of MotA C coupled with proton flow through the MotA/B proton channel.
The wild-type motor was estimated to have 10 active stator units when operating in the high-load, low speed regime (Figs 4 and 5A) . In contrast, the MotA(R131L) mutant motor was estimated to have eight active stators (Figs 4 and 5C) . When the solvent viscosity was increased by adding Ficoll to the final concentration of 10%, the torque was not increased at all. This indicates that the maximum number of active stator units is eight in the R131L motor. As the R131L mutation does not affect the energy coupling efficiency of the motor under high load as judged by resurrection experiments (Fig. 5) , we suggest that the R131L mutation affects a loaddependent assembly-disassembly equilibrium of the stator units. The MotA(Y83H), MotA(A145E) and MotA(M76V) mutant motors were estimated to have 10 active stators around the rotor. However, the Y83H, A145E and M76V mutations induced the dissociation of a few stators from the motor under much higher load in the high-load, low speed regime compared to the wild-type motor (Fig. 4A . middle and right panels). Furthermore, torque produced by the MotA(E155K) mutant motor was decreased from 2,229 6 196 to 1,245 6 124 pN when the Ficoll concentration was increased from 10 to 20% (Fig. 4B. left panel) . This indicates that the E155K mutation induces the dissociation of four active stator units from the motor under extremely high load. These observations suggest that the Y83H, A145E, M76V and E155K mutations in MotA C affect the mechanosensitivity of the MotA/B complex, thereby changing their load-dependent assembly and disassembly dynamics. Therefore, we propose that MotA C may act as a load sensor to regulate the number of active stator units in the motor in response to load change.
MotA has a conserved cluster of negatively charged residues at the C-terminus of MotA. This negatively charged cluster is critical for motor function. Genetic analyses of this cluster have shown its possible interaction with MotA C (Hosking and Manson, 2008) . Similar results have been shown for PomA, which is a MotA homologue of the Na 1 -driven flagellar motor in marine Vibrio (Obara et al., 2008) . Therefore, there is the possibility that this negatively charged cluster at the C-terminal end of MotA could contribute to the loaddependent assembly and disassembly dynamics of the MotA/B stator complex as well as MotA C .
Recently, the 3D structure of the MotA tetramer has been determined at 25 Å resolution by electron microscopy with negative staining and single particle image analysis (Takekawa et al., 2016) . The MotA tetramer consists of a slightly elongated globular domain and a pair of arch-like domains with spiky projections, which corresponds to the transmembrane and cytoplasmic domains respectively (Takekawa et al., 2016) . Leu78 and Glu155 residues in MotA C are relatively well conserved among MotA homologues whereas Met76, Tyr83, Ile126, Arg131 and Ala145 residues are not (Fig.  2B ). As these residues are distributed over the MotA C loop, it is possible that local conformational changes of arch-like domains with spiky projections may be responsible for the load-sensing mechanism of the flagellar motor to coordinate the number of active stator units in the motor in response to load change.
Experimental procedures
Bacterial strains, plasmids, DNA manipulations and media Salmonella strains and plasmids used in this study are listed in Table 2 . DNA manipulations, site-directed mutagenesis and DNA sequencing were carried out as described before (Saijo-Hamano et al., 2004; Hara et al., 2011) . Lbroth and soft agar plates were prepared as describe before (Minamino and Macnab, 1999; . Ampicillin was added to L-broth at a final concentration of 50 mg ml 21 if needed.
Isolation of second-site mutations in MotA C Second-site motA C mutations in pseudorevertants of SJW3060 (Komatsu et al., 2016) were transduced into SJW2936, which lacks all of the flagellar region II genes, by the use of p22HTint as described (Yamaguchi et al., 1986) , and second-site motA C mutants were isolated from soft agar plates.
Measurements of free-swimming speed of motile cells
Free-swimming speed of motile Salmonella cells was measured as described before (Minamino et al., 2003; Morimoto et al., 2017) . Salmonella cells were grown at 308C in Lbroth with or without 0.2% arabinose with shaking until the cell density had reached an OD 600 of about 1.0. The cells were diluted 100-fold into a motility buffer (10 mM potassium phosphate, pH 7.0, 0.1 mM EDTA, 10 mM sodium lactate). They were then placed under a phase-contrast microscope (CH40, Olympus Co, Japan) at room temperature and their motile behavior was videotaped with a CCD camera (C5405-50, Hamamatsu Photonics, Japan) and a hard disk videorecorder (DMR-XP25V, Panasonic, Japan). The swimming speeds of the cells were measured by an image-analyzing system (Move-tr/2D, Library, Japan). More than 30 cells were measured. Statistical analyses were performed using a two-tailed Student's t-test. A P value of < 0.05 was considered to be statistically significant difference. *, P < 0.05; **, P < 0.01.
Preparation of membrane fractions and immunoblotting
Salmonella DmotA-motB cells harboring a pBAD24-based plasmid were grown at 308C in L-broth containing 50 mg ml 21 ampicillin and 0.2% arabinose with shaking until the cell density had reached an OD 600 of about 1.0. The cells were suspended in 50 mM Tris-HCl, pH 8.0 with DNase I. Membrane vesicles were prepared using a FRENCH pressure cell (FA-032, Central Scientific Commerce). Undisrupted cells were removed by low-speed centrifugation. Then, membrane vesicles were collected by ultracentrifugation and suspended in 50 mM Tris-HCl, pH 8.0. The protein concentration of the membrane fraction was measured by the Lowry method. Ten microgram of membrane protein from each sample was used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with polyclonal anti-MotA antibody was carried out as described before (Minamino and Macnab, 1999) .
Bead assays
Bead assays were performed at room temperature in the presence and absence of Ficoll with various concentrations as described before (Che et al., 2008; Nakamura et al., 2009a; Terahara et al., 2017) . Salmonella cells producing sticky flagellar filaments were exponentially grown in Lbroth containing 50 mg ml 21 ampicillin and 0.2% arabinose at 308C with shaking until the cell density reached to OD 600 of about 1.0. The sticky flagellar filaments were partially sheared by passing through a 25G needle, and then, the cells were attached to the surface of a cover slip (Matsunami glass). Polystyrene beads with a diameter of 1.0, 0.8 or 0.6 lm (Invitrogen) were attached to the sticky filament. Then, the cells were washed once with motility medium. Phase contrast images of each bead were captured by a high-speed camera (Digimo-VCC-SXGA-B, Digimo). All data were recorded at the frame rate of 1,000 frames per second. The data were analyzed by a program developed based on Igor Pro 6 software as described (Che et al., 2008; Nakamura et al., 2009a) . Resurrection experiments were carried out described previously (Nakamura et al., 2010; Terahara et al., 2017) .
